Arterial stiffness may be associated with cognitive function. In this study, pulse wave velocity (PWV) was measured from the carotid to femoral (CF-PWV) and from the carotid to radial (CR-PWV) with the Complior SP System. Cognitive function was measured by 6 tests of executive function, psychomotor speed, memory, and language fluency. A total of 1433 participants were included (mean age 75 y, 43% men). Adjusting for age, sex, education, pulse rate, hemoglobin A1C, high-density lipoprotein cholesterol, hypertension, cardiovascular disease history, smoking, drinking, and depression symptoms, a CF-PWV > 12 m/s was associated with a lower Mini-Mental State Examination score (coefficient: À 0.31, SE: 0.11, P = 0.005), fewer words recalled on Auditory Verbal Learning Test (coefficient: À 1.10, SE: 0.43, P = 0.01), and lower score on the composite cognition score (coefficient: À0.10, SE: 0.05, P = 0.04) and marginally significantly associated with longer time to complete Trail Making Test-part B (coefficient: 6.30, SE: 3.41, P = 0.06), CF-PWV was not associated with Trail Making Test-part A, Digit Symbol Substation Test, or Verbal Fluency Test. No associations were found between CR-PWV and cognitive performance measures. Higher large artery stiffness was associated with worse cognitive function, and longitudinal studies are needed to confirm these associations.
D ementia is an important public health issue. 1 Cardiovascular disease (CVD) and its risk factors have been suggested to be associated with dementia, although the biological mechanism is not entirely clear. 2 Aortic pulse wave velocity (PWV) is the gold standard for arterial stiffness measurement, and also an independent predictor of stroke. 3, 4 Because PWV is the direct measurement of arterial wall properties, and is associated with a wide range of CVD risk factors (such as hypertension, lipids, and so on), 3 assessing the association of PWV and cognitive function may help to understand the associations of cardiovascular factors and brain function.
There have been relatively few studies examining the association of PWV and cognitive function. Many studies were patient-based studies with relatively small sample sizes, [5] [6] [7] [8] [9] and included only 1 cognitive function test which limited their ability to determine effects on different cognitive domains. 5, 6, 8, 10, 11 Larger studies often had sample sizes of >1000, data available on only a subset of the cohort, or may not have been representative of the general population. [12] [13] [14] [15] The Rotterdam study included a large sample size, but PWV and cognitive function were not measured currently. 16 Some studies found that PWV was independently associated with cognitive decline, 12, 15 but PWV was not an independent risk factor of cognitive decline and dementia in the Rotterdam Study. 16 The association of PWV and cognitive function may be due to the detrimental effects of arterial stiffness within the cardiovascular system. With increased stiffness, the pulse waves travel faster in arteries, and the reflected pulse waves arrive in early systole. The early arrival of the reflected pulse waves increases the pressure load and myocardial oxygen consumption, and also decreases the diastolic pressure and coronary perfusion, both of which are harmful to the cardiovascular system, and eventually result in insufficient blood supply to the brain. In addition, the high pulsations cannot be absorbed well in the large "stiffened" arteries, and would be transmitted to small vessels, and cause damage. The brain may be especially susceptible because it has more dilated small vessels, and the small vessel damages caused by high pulsations may contribute to impaired cognitive function. 17, 18 The aim of this study was to assess the association of PWV and cognitive function in a large cohort of older adults, and to determine whether the effect of PWV is independent of other CVD risk factors. In this large population-based study, PWV and multiple cognitive domains were measured concurrently and many traditional CVD risk factors were also measured.
METHODS

Study Population
The Epidemiology of Hearing Loss Study (EHLS) is a longitudinal study of aging among residents of Beaver Dam, WI. The details have been described previously. 19 In brief, Beaver Dam residents aged 43 to 84 years were invited to participate in the Beaver Dam Eye Study (BDES) baseline exam in 1989 to 1990. Participants in the BDES were invited to participate in the EHLS baseline examination in 1993 to 1995 (n = 3753) when the BDES 5-year follow-up examinations were conducted. Since then the EHLS was conducted currently with BDES every 5 years. In the EHLS 15-year follow-up examination in 2009 to 2010 (n = 1812, 80.8% of surviving baseline participants), pulse wave velocity was measured from carotid to femoral (CF-PWV) and from carotid to radial (CR-PWV), and cognitive function was measured with multiple tests. The EHLS study was approved by the University of Wisconsin-Madison Health Sciences Institutional Review Board; all participants provided informed consent.
Measurements
Data were collected through interviews, health examinations, and laboratory tests using standardized protocols. PWV was measured with the participants in a supine position, using the Complior SP System (Alam Medical, Vincennes, France). This device has been widely used and validated; the intraobserver and interobserver repeatability were 0.935 and 0.890, respectively. 20, 21 The carotid-radial distance was measured from the sternal notch to the styloid process of the right wrist; and the carotid-femoral distance was from the sternal notch to the right femoral artery sampling site, measured in the plane over the body to avoid being affected by body size or shape. The pulse waves were measured at the right common carotid artery, the right femoral artery, and the right radial artery. The examiner would monitor signal quality directly (through graphics about amplitude and upstroke provided in the software), and select the segment to be captured when the signal was good (clean, fast rising systole, sufficient systolic amplitude, and a relatively flat diastole) for at least 10 cycles. The device then automatically calculated PWV and the tolerance. The examiners would repeat the measurement if the participant moved, or the PWV value or the tolerance were high. Although the examination only causes minimal discomfort from the pressure of the sensors, participants were advised not to be examined if they had transient ischemic attack or stroke within the past 6 months or had bilateral carotid arterial bruits on auscultation. Participants weighing >400 lb were not examined because of the weight limit of the examination table.
A total of 1436 (79%) of the 1812 participants had PWV data available. The main reasons for not having PWV were participants did not come to the office for examination (homebound or nursing home residents), and physical limitations of participants (eg, unable to lie on the table). Compared to those without PWV data, participants with PWV data were younger (age: 74.9 vs. 79.5 y, P < 0.0001), had lower body mass index (BMI) (30.6 vs. 31.7 kg/m 2 , P = 0.03), were healthier (CVD history: 16% vs. 25%, P = 0.0001, diabetes: 20% vs. 30%, P = 0.0001), were more likely to be men (43% vs. 33%, P = 0.0008), and had better cognitive function [Mini-Mental State Examination (MMSE) score: 27.9 vs. 26.5, P < 0.0001].
Cognitive function was measured by 6 tests. MMSE is a test of general cognitive function which measures orientation to time and place, attention and calculation, language, and memory. 22 Trail Making Test-part A and Trail Making Testpart B (TMT-A and TMT-B, respectively) are tests of executive function, attention, and speed. 23 The tests require the subject to connect targets (the targets are numbers in TMT-A, and are numbers and letters in TMT-B) as fast as possible. The score for each task was the time (s) taken to complete the test; a score of 301 was given if the test was not completed within 5 minutes. The Digit Symbol Substitution Test is a test of psychomotor speed and sustained attention, which requires the participant to translate digits 1-9 to symbols as quickly as possible. 23 The score was the total number of correct symbols that the participant filled in within 90 seconds. Rey Auditory Verbal Learning Test (AVLT) is a test of memory, 23 and was modified in our study because of limited exam time with 4 learning trials instead of 5. In the test, a 15word list was read to the participant, and he/she was asked to recall as many words as possible. After 3 repeated trials, an interruption word list was introduced. Then the participant was immediately asked to recall the original 15-word list again. The total number of words recalled from the original 15-word list (all 4 trials summed) was used as the score. The Verbal Fluency Test (VFT) measures spontaneous production of words under restricted search conditions. 23 In this test, the participant was asked to give as many words beginning with the letter (F, A, S) as possible in 1 minute per letter. The score of VFT was the total number of words given by the participant. Except for the TMT-A and TMT-B scores, higher test scores reflected better cognitive function.
Age, sex, education, and lifestyle factors were selfreported through questionnaires. Participants were asked to bring their current medications, and the medication information was recorded. Heavy drinking was defined as reporting a period when Z4 drinks were consumed daily. Physical activity was defined as current exercise at least once a week long enough to sweat. Height (m), weight (kg), and pulse rate were measured. Seated blood pressure was measured using the Hypertension Detection and Follow-up Program protocol. 24 Hypertension was defined as measured systolic pressure Z140 mm Hg, or diastolic pressure Z90 mm Hg or current use of antihypertensive medications. Mean arterial pressure was approximately calculated as diastolic pressure + one third of pulse pressure. Blood samples were drawn, and total cholesterol, highdensity lipoprotein (HDL) cholesterol, and hemoglobin A1C were measured at the Fairview Laboratory at the University of Minnesota. CVD history was defined as selfreported physician-diagnosed angina, myocardial infarction, stroke, or transient ischemic attack. Diabetes was defined as self-reported physician diagnosis of diabetes, or hemoglobin A1CZ6.5, or self-reported suspected diagnosis with current medications for diabetes. The Center for Epidemiologic Studies Depression Scale (CES-D) was administered, and a CES-D score of >15 (possible range: 0 to 60) was classified as positive of depression symptoms. 25 
Statistical Analyses
All the analyses were conducted with SAS 9.2 (SAS Institute Inc., Cary, NC). The association of PWV and cognitive function test performance was assessed with ordinary linear regressions. The individual test scores were used as outcomes. Age, sex, and education were included in the models, and interactions of ageÂPWV, sexÂPWV were tested. No significant interactions were detected. In the final multivariable models, the following selected CVD risk factors were included: pulse rate, BMI, smoking and drinking, physical activity, HDL cholesterol, A1C, CVD history, hypertension, and depression symptoms. Several sensitivity analyses were performed with the final models to assess whether the associations were independent of other CVD risk factors. In 1 sensitivity analysis, we included a marker of duration of hypertension which was a count of the number of times the participant was considered hypertensive at each of the examinations (maximum of 5 during a 20-y period). The CF-PWV was dichotomized using >12 m/s as a cutoff because this level is recommended as a marker for significant change in arterial stiffness. 26 For the CR-PWV, there are no recommended cut-points so we chose >10.6 m/s, the same percentile (68%) as the CF-PWV > 12 m/s in our population. The original continuous CF-PWV and CR-PWV were also tested.
A composite score was derived from these test scores using principal component analysis to reflect the composite cognitive function. This composite score was then analyzed as an additional outcome with ordinary linear regression. There was only 1 eigenvalue >1, and 1 principal component was kept as the composite score (mean: 0, SD: 1). The loadings on each test were 0.70, À 0.77, À0.83, 0.72, 0.84, and 0.60 for the MMSE, TMT-A, TMT-B, AVLT, Digit Symbol Substitution Test, and VFT, respectively. We also calculated the average of the z-scores of these individual tests as an outcome. Results from analyzing the average z-score were not different; therefore they were not reported here.
RESULTS
A total of 1433 participants were included in the analyses (those with both PWV data and cognition test scores). The mean (SD) of CF-PWV and CR-PWV were 11.0 m/s (3.6 m/s) and 10.0 m/s (2.3 m/s), and the distributions were not strictly normal. On the basis of the CF-PWV > 12 m/s cutoff, about 32% of the population had high CF-PWV. They were older, had more comorbidities, and had lower cognitive scores compared to the rest of the population ( Table 1 ). The CF-PWV and the CR-PWV were correlated with each other (correlation coefficient: 0.4, P < 0.01). The CF-PWV but not the CR-PWV was correlated with age (correlation coefficient: 0.3, P < 0.0001, and 0.02, P = 0.4, respectively).
High CF-PWV (> 12 m/s) was associated with worse MMSE, TMT-B, AVLT scores, and the composite cognition score when adjusting for age, sex, and education. The effect sizes decreased a little but largely remained significant after further adjusting for pulse rate, BMI, HDL cholesterol, A1C, smoking and drinking, CVD history, hypertension, physical activity, and depression symptoms ( Table 2) . No significant associations were found when CF-PWV was tested continuously (Supplementary Table 1 , http://links.lww.com/ WAD/A64).
In the final model, when participants with CVD history were excluded, the associations largely remained similar (effect sizes and P-values were: À0.28, P = 0.02 for MMSE, 6.98, P = 0.06 for TMT-B, À1.10, P = 0.03 for AVLT, and À0.11, P = 0.06 for composite score, no other significant associations were detected). When those on antihypertensive medications were excluded, and the model was additionally adjusted for mean arterial pressure, the sample size for analyses were significantly reduced, and the associations became borderline nonsignificant although the effect sizes increased a bit (effect sizes and P-values were: À 0.35, P = 0.07 for MMSE, 8.68, P = 0.1 for TMT-B, À 1.47, P = 0.047 for AVLT, À2.28, P = 0.056 for VFT, and À0.15, P = 0.10 for composite score). No other significant associations were detected. When the duration of hypertensive status was included to replace hypertension status, the results were similar (effect sizes and P-values were: À 0.28, P = 0.01 for MMSE, 5.78, P = 0.09 for TMT-B, À 1.10, P = 0.01 for AVLT, and À0.09, P = 0.07 for composite score).
No significant associations with cognitive function were found for high CR-PWV (> 10.6 m/s) ( Table 3) , or for continuous CR-PWV (Supplementary Table 2 , http://links.lww. com/WAD/A65).
DISCUSSION
In this population-based study, high arterial stiffness was associated with poorer cognitive function in multiple domains, including executive function, psychomotor speed, and memory. These results were generally consistent with the few previous large studies. [12] [13] [14] [15] Our study provides further support for the association between arterial stiffness and cognitive function. However, as a cross-sectional nature, this study does not allow for conclusions about temporality; longitudinal studies are needed to determine if higher CF-PWV predicts cognitive decline.
The finding that CF-PWV > 12 m/s but not the continuous CF-PWV was associated with cognitive function seems to suggest that there is a threshold effect in this older population. This threshold was chosen because it has been recommended as a conservative estimate of significant alterations of aortic stiffness by the European Society of Hypertension and the European Society of Cardiology, 26 although there are different opinions. [27] [28] [29] However, the absence of a significant association between the continuous CF-PWV and cognitive function does not ensure that the brain is protected when CF-PWV is below this cut-point. There are studies which found that the CF-PWV in continuous form was associated with cognitive function in middle-aged to older adults 12 and well-functioning older adults. 13 The absence of a continuous effect could be related to our study population. As would be expected, in our older population-based cohort that included homebound and nursing home residents, there was a high prevalence of arterial stiffness which may have prevented the detection of continuous effects. The distribution of cognitive test scores, some of which were skewed and truncated may also have limited our ability to detect continuous effects. Younger or healthier cohorts followed over time may be better able to detect continuous effects of arterial stiffness.
Our sensitivity analyses suggested that the effect of CF-PWV on cognitive function was largely independent of conventional CVD risk factors. The effects were not changed by excluding participants with CVD history, which suggests that the associations were not completely due to the increased risk of CVD disease. Because some antihypertensive medications may reduce arterial stiffness, we repeated the analysis by excluding participants on antihypertensive medications. The slightly increased effect sizes suggest that the associations with arterial stiffness might be attenuated by use of medications. Although the associations became statistically borderline nonsignificant, it was probably due to the decrease of sample size. When the model was adjusted for the duration of hypertension, the strength of the associations decreased slightly but largely remained, which suggests that the associations were unlikely to be simply downstream from hypertension. Therefore, increased arterial stiffness may operate through pathways in addition to hypertension, to decrease cognitive function. It has been suggested that the high pulsatility from the arterial tree may directly cause damage to small brain vessels. 17, 18 In magnetic resonance imaging studies, PWV predicted white matter brain atrophy, cerebral microbleeds, and lacunar brain infarcts independent of conventional CVD risk factors. 30, 31 In contrast to CF-PWV, CR-PWV has not been extensively studied, and even less is known about its association with cognitive function. One patient-based study found that the CR-PWV was not statistically different between the dementia and control groups 32 ; our study is consistent with that report. CR-PWV measures the medium-sized muscular arteries (the brachial artery), which are different from the large elastic arteries (such as the aorta). Medium-sized muscular arteries may be able to compensate for the loss of compliance because of aging. 33 Our study also found that CR-PWV was not correlated with age. Therefore, CR-PWV may not be a good marker for age-related arterial stiffness, and was not associated with cognitive function. Further studies are needed to understand the role of CR-PWV in the cardiovascular system and brain function.
Understanding the role of arterial stiffness in dementia may also be useful for developing dementia prevention strategies because arterial stiffness can be modified by interventions. 3 Habitual exercise may improve vascular endothelial function, increase nitrous oxide bioavailability, and reduce oxidative stress, thus slowing down arterial aging. 34 Treatments including antihypertensive and antidiabetic medicines may decrease PWV independent of blood Alzheimer Dis Assoc Disord Volume 28, Number 1, January-March 2014
Pulse Wave Velocity and Cognitive Function pressure reduction. 35 Use of statins may also reduce arterial stiffness although the evidence has been inconclusive. 36 Our study had several strengths. It was a large population-based study. PWV was measured with a validated and widely used device. Cognitive function was measured by multiple well-established tests on different cognitive domains. A wide range of CVD risk factors were collected and evaluated to assess the independent effect of PWV. All interviews and examinations were conducted using standardized protocols.
Our study also had limitations. The cross-sectional design provides limited evidence for causal inference, although it also avoids problems in longitudinal studies, such as loss to follow-up and regression to the mean. Secondly, about 20% of participants did not have PWV data which may be a source for bias. However, as these participants were older, less healthy, and had worse cognitive function, the bias would be toward null, which suggests that the associations in our study might be underestimated. Thirdly, some cognitive variables, especially the MMSE score, have values skewed toward the high end of the distribution, which may have limited measurement sensitivity in that range. Fourthly, although we have collected a variety of CVD risk factor data, we did not measure endothelial function. Finally, the small differences in the cognitive task performance found in our study may not be clinically significant.
In summary, our large population-based study found that CF-PWV > 12 m/s was associated with cognitive function in multiple domains in older adults. CR-PWV was not associated with cognitive performance. Our results suggest that arterial stiffness in large vessels is associated with worse cognitive function. Future longitudinal studies are needed to understand the role of arterial stiffness in agerelated cognitive decline and dementia.
